Introduction
Although many scientists have planned or conducted materials processes and fluid physics science experiments designed for a weightless environment, the currendy available facilities have In fact, the data from many experiments have been found unacceptable due to the poor acceleration environment Due to the low frequencies of greatest concern ('below about I0 I--Iz) the isolation problem is a largely unfamiliar one to vibration engineers; the requirement of a comer frequency of about 10 -3 Hz is particularly vexing.
Passive isolation _ incapable of solving the isolation problem in this region; and even should a sufficiently soft spring be physically realizable, it could not isolate against direct disturbances to the payload. If the payload is tethered (e.g., for evacuation, power transmission, cooling, or material transport), a passive isolator cannot provide isolation below the comer frequency imposed by the umbilical stiffness.
An active isolator (such as a magnetic suspension system) that merely possesses a low positive stiffness fares no better in the presence of an umbilical, for the same reasons. And if the control system seeks to lower the comer frequency by adding negative stiffness, to counteract the umbilical's stiffness, the system will (at best) possess almost no stability robustness.
In the face of the usual umbilical nonlinearities and uncertainties, rids situation is clearly unacceptable. At very low frequencies the rattlespace constraints become limiting [1,2], so that any isolation system must have unit wansmissibility in that region. In short, a microgravity isolator must be active, and it must be capable of dealing with the particular frequency-dependent complexj'ties accompanying a tethered payload and a restrictive rattlespace. been used effectively to develop SISO and SIMO (single-input-multiple-output) controllers for a realistic one-dimensional microgravity vibration isolation problem, using a "smart" form of acceleration feedback. The resulting closed-loop system exhibited excellent stability-and performance robustness guarantees, including a high degree of robustness to umbilical parametric uncertainty.
The present paper will give a general framework for controller design by the extended H2 synthesis method, for the micrograviry vibration isolation problem. Following a summary of the basic H 2synthesis approach, the paper will describe how to incorporate the control-and state frequency weighting and input-and output disturbance accommodation extensions into the synthesis procedure. Control noise will also be included. General guidelines will be presented for effectively integrating these extensions into the design procedure.
The development below is specifically tailored to the microgravity isolation problem, but the mathematics arc fully applicable to any problem that has the appropriate (very general) mathematical description. Four fundamental system models will be presented to aid the designer in visualizing the design effort. Only the synthesis procedure will be detailed here; the analysis techniques used for controller evaluation will be detailed in a later work.
Basic H 2 Synthesis Review
A generic microgravity vibration isolation system is depicted below in Fig. 1 . A payload, such as a microgravity science experiment, is acted upon by actuatc_ (typically non-contacting)
that are commanded by a control system. This control system uses measurements, such as payload positions and accelerations, to develop the control signals, typically currents or voltages.
The objective of H 2 synthesis is to find a control signal that minimizes the weighted sum of the two-norm of the control energy and of the states, subject to the linearized system equations of motion.
This control signal will be found to be dependent only on the past accumulative measurement information, for a system excited only by zero-mean white Gaussian noise. .) The objective is to find an admissible control function _u"(t) which minimizes the cost J with respect to the set of admissible control functions u(t) subject to the dynamic constraint (la, b,c). That is, the optimal control solution must exist and be realizable, must minimize the cost functional specified by the designer, and must take into consideration the system equations of motion.
The solution is well-known, and is summarized as follows:
where x_." isan estimateof x using a Luenberger observer
P isthe unique PD solution to the Algebraic Riccat/Equation (ARE)
Q is the unique PD solution to the ARE to estimates of the system states. These estimates are themselves optimal in that they are the "closest" to the actual states, in terms of the expected value of the rms of the estimate error. They are produced in the controUer from the control signal and the measurement vector, using constant observer gains L. For the active microgravity vibration isolation problem, payload accelerations are of much greaterconcern at some frequenciesthan at others. Accelerationsathigher frequenciescan be handed passively;, and very low-frequency accelerations cocreslmnd to such largedisplacements that they arc essentially unisolable, due to practical tattles'pace constraints. Rattlcspacc conswainu also require that the relative displacements between space platform and payload be kept to a minimum at low frequencies.
Control is needed at lower frequencies, where the plant is best-known and where the major isolation effort is desire. At higher frequencies, however, excessive control can excite unmodeled higher modes of the plant. Consequently it is desirable, through theperformance index,to be able to penalizecontrolstrategies in a frequency-dependent fashion.This can bc achieved by weighting the states x and the controla in the cost rate functionalso thatthewcightings are frequency-dependent. The latter, extended, H 2 synthesis problem willbc sccn to have thesame form as the former one. Itwillhave the simple difference thatthe various system matricesnow willbc "augmented" to take intoaccount the additional "pseudo" states requiredby thefrequency-weighting extensic_a.
Let x be considered to bc the input to a filterJJffs) of which _ isthe output,and let
That is,
expresses x_-in terms of x, employing pseudostates Zr Similarly, flu is considered to be the input to a filter ms) of which _ is the output, and if ms) has a state-space representation defined by {Az, B2, C 2, Dz}, _ can be expressed in terms ofu. employing pseudostates g.2:
These frequency-weighted states (x_-) and controls (_) arc now weighted (i.e., penalized) by constant weighting matrices W l and Wj. respectively. The resulting state equations and performance index areas follows:
&_" = z_x + IBu+ tEs ws
z_=y+ E,w_.,,
where
I 0
The optimal conu'ol u(t) will now minimize the weighted sum of the two-ncx'm of the, frequency. weighted control energy and states.
Input Disturbance Accommodation
In the basic H 2 problem it was assumed that the process noise _ (i.e., the disturbance acting on the payload, whether directly, or indirectly via the umbilicals) is zero-mean white
Gaussian. This, of course, will not generally be the case; the process noise will have some (known or unknown) non-white power spectrum. Let the process noise be modeled as f_s, where L is a stochastic disturbance with power spectral density S/(o)) = 5_12(jo)) S_/_jo_ The optimal-.control solutionto this problem will minimize the frequency-weighted cost functional as before, with the plant now considered to be subject to the specified colored noise disturbance.
In actual space applications the power specmtm of the process noise may not be known.
Fortunately, orbiter spectral vibration information need not be available for disturbance accommodation to be used. 
[V2]i s thecross..correlationmatrixbetween{'w_,} andw__, (130
'V2=v3
and 4 Vj = V3 is the autocorrelation matrix for ten.
Control Noise
The active microgravity vibration isolation system must perform well even when the actual system dynamics are less than perfectly described by the system model. 
where/',andf_,, can be representedby fdtersin state-space form with white-noiseinputs, as noted previously.Assume no cross-correlation between _ and _ or between 1_ and }e_,,; and let
coy[w_,(t). = (15)
Usingnow the pre-superscript designator"5" to indicatethe appropriatestate-space augmentation, the system equations change as follows:
5w_='w_, sw2='w2, 5wj='w_ (l&i)
The basic tools are now in place for practical microgravity vibration isolation system design, by extended I-h synthesis. Note that it has a similar form to the basic plant model, but that now augmented A, B, C, E,,E,, Wt, W 2 and W 3 matrices are used, as indicated by the pre-superscripts. These matrices were definedpreviously(16bthrough 16g). Also notethatwhite noisevector_ replaces_,sincethe process noisepower spectralinformationis nowcontainedin matrices5Aand5E,. 5L would be found from the equation
where SQ is the unique PD solution to the following ARE, and where
5Vt, 5V_. 5V_, and 5E, are as defined previously.
However, as noted previously, the observer does not need to reconstruct the frequencyweighting pseudostates zl and z 2. This fact will permit an observer of smaller dimension. In this case Fig. 6 will be an appropriate observer synthesis model, with pertinent matrices defined as follows. 6/_.would be found from the equation
where 6Q is the unique PD solution to the following ARE,
and where
%=,v, -% 'e:('e. % 'e:)-' "e. "V: A second fundamental goal should be intuitiveness. Unless the lXX_otem is posed in such a way as to employ the designer's intuition, he will find it very difficult, especially with a tla'e¢-dimensional problem, to proceed with any degree of speed. The single most important step toward an intuitive problem is the proper choice of plant states. For the microgravity vibration isolation problem, the authors believe that a reasonably physical choice is payload relative position, payload relative velocity, and payload acceleration. A heavier weighting on payload relative position (in the cost functional matrix Wj), for example, signals the H 2 machinery to attempt to increase system stiffness. Similar analogues exist for the other two suggested states, as noted before. And at least two of these states are readily measurable for microgravity systems.
Such state choices, then, allow the designer to assign his weightings with a degree of "physical feel," so that extended H2 synthesis becomes more of a craftsman's design tool, rather than a black box for use in a time-consuming real-and-error approach.
The designer must also decide whether or not to conduct the regulator-and observer-gain design problems independently. The well-known "separation principle" guarantees that for a perfectly known system the regulator gains K and the observer gains L can be designed independently.
One approach, then, would be first to design the regulator to meet the design goals, and then to design the observer to produce a state-vector estimate that is "accurate enough" over a "sufficient" bandwidth. The frecluency-weighdng and disturbanceaccommodation extensions, however, affect the state observations in such a manner that "accurate enough" and "sufficient" are quite difficult terms to define. The closed-loOp system must be analyzed as a whole for this purpose. The existence of an observer bandwidth can also be used to enhance overall system performance, so that a fuU-state-feedback system with inadequate perform,nee can actually perform quite well when the observer is added. Since the system stability-and performance robustness must ultimately be evaluated for the total closed-loop
• system, it is recommended that the entire controller (ke., the observer-plus-regulator) be designed as a unit, rather than in parts. 
